Using a molecularly cloned viral DNA probe representing the entire avian sarcoma virus (ASV) reverse transcriptase (pol) gene, we have detected related sequences in DNA preparations from two avian species, ev-chickens and Japanese quail, previously demonstrated to lack all endogenous avian leukosis viruses. Nucleotide sequence homology was detected only when hybridization conditions, which allowed the formation of stable duplexes with as much as 30% base mismatch, were used. No sequence homology could be detected when stringent hybridization conditions were used. Nucleotide sequence analysis of a clone representing the major pol-specific EcoRI restriction fragment from ev-chicken embryo fibroblasts revealed DNA homology as high as 72% and implied amino acid homology as high as 82% when compared to the sequence of the ASV strain. Prague C poi gene. These data reveal the presence ofretroviralpolgene sequences in avian cell lines that lack endogenous retrovirus sequences, suggesting that a reverse transcriptase-related gene exists in these cells as either part of a more distantly evolved retrovirus or a cellular gene.
Retroviruses are currently the only known genetic entity capable of coding for reverse transcriptase, an enzyme that catalyzes the conversion of a single-stranded RNA molecule into a colinear double-stranded DNA molecule. It has been proposed that RNA-dependent DNA polymerase activity may be a required cellular activity (1) and that retroviruses may have evolved to an independent genetic status from this normal cellular system of DNA-to-RNA-to-DNA information transfer (2) . Several recently characterized genomic structures, including pseudogenes (3) (4) (5) (6) (7) (8) and truncated small nuclear RNAs (9) (10) (11) , have been associated with reverse transcription-like reactions in eukaryotic cells, suggesting a possible function for reverse transcriptase activity in normal cells. Furthermore, RNA-dependent DNA polymerase activity has been detected in a wide variety of uninfected vertebrate species, including the domestic chicken (12) (13) (14) (15) (16) (17) (18) (19) . The chicken contains at least 16 different endogenous proviruses (20, 21) , many of which could code for such a cellular reverse transcriptase activity. In fact, the ubiquity of endogenous viruses among vertebrates argues that any such cellular activity is likely coded for by an endogenous provirus. However, a healthy, fertile chicken lacking all endogenous avian leukosis viruses (ev-) has been bred (22) , suggesting that if indeed a reverse transcriptase activity is required for normal development in the chicken, it is not coded for by any as yet identified endogenous viral gene or cellular gene.
In an attempt to determine whether any nucleotide sequences, even distantly related to the avian retrovirus pol gene, can be detected in avian cells, particularly those lacking endogenous retroviruses, we have utilized specific cloned viral DNA probes and relaxed hybridization conditions to screen for such sequences. In this report, we document the presence of pol-related sequences in both eve chickens and Japanese quail.
MATERIALS AND METHODS
Cloned Viral DNAs. Plasmid pCERT-98 is an expression vector containing the entire reverse transcriptase gene from the PrA strain of avian sarcoma virus (ASV) and was provided by B. DeLorbe (Molecular Genetics Inc.). Plasmid pUC-RT was generated by subcloning a HindIII/Sal I fragment from pCERT (representing 85% of the RTgene) into the vector pUC-9.
Preparation of DNA Probes. All Southern blot data, except the mapping of pUC-ev--RT, were generated by using gel-purified DNA fragments as probes. pCERT-98 was digested with various restriction endonucleases, and the polspecific fragments were isolated from all other plasmid sequences by electroelution onto DE-81 paper in agarose gels. The eluted DNA was concentrated by DE-52 chromatography and ethanol precipitation. The probes then were resuspended and labeled by nick-translation (23) to specific activities of 2 x 108 cpm/pug to 8 x 108 cpm/,ug. CsCl gradient-purified plasmid pUC-RT was nick-translated directly and used for the mapping experiments on pUC-ev--RT.
Preparation of Cellular DNAs. High molecular weight genomic DNA was extracted from 11-day-old White Leghorn chicken embryos (eve CEF and eve CEF), from 8-day-old Japanese quail embryos, and from the chemically transformed quail fibroblast cell line QT6. (26) .
DNA Sequencing. Cesium chloride gradient-purified plasmid (pUC-ev-RT) DNA was digested with restriction enzymes, which generate a 3' recessed end. The fragments were labeled with P2PldNTPs and DNA polymerase I Klenow fragment, purified on G-50 Sephadex columns, and then subcut with additional restriction endonucleases. Radiolabeled DNA fragments suitable for sequencing were obtained by electrophoresis on 5% polyacrylamide gels and purified by the crush-elution method (26) . The fragments were sequenced by the chemical modification technique of Maxam and Gilbert (27) . Sequence determinations were run on polyacrylamide gels of 8% and 20%, which then were exposed to x-ray film at -20°C.
RESULTS
Reverse Transcriptase-Related Sequences in Avian DNAs.
Using the Southern blot hybridization procedure (24) sequences. Under these hybridization conditions, sequence relationships detected between evolutionarily divergent species closely reflects true homologies as determined by nucleotide sequence anlysis (28) (29) (30) (31) (32) .
A 2.7-kilobase (kb) restriction fragment specific for the ASV reverse transcriptase gene ( Fig. 1) was isolated from the plasmid pCERT-98 and labeled by nick-translation. The probe was hybridized to filters containing EcoRI-and BamHI-digested DNAs extracted from normal chicken embryos, ev-chicken embryos, and quail embryos under both stringent and less-stringent hybridization conditions. Under stringent hybridization conditions (Fig. 2B) , the only bands detected are the pol-specific bands expected from the endogenous avian leukosis viruses in normal chicken embryos. Neither the ev-CEF DNA nor the Japanese quail DNA revealed any detectable sequence homology to the probe under these conditions, a result consistent with previous findings, indicating the lack of endogenous avian leukosis viruses in these particular cell types (22) .
When less-stringent hybridization conditions were used ( Fig. 2A) (Fig. 1) . EcoRI-digested DNA from uninfected CEFs was analyzed with each probe separately under relaxed hybridization conditions (Fig. 3) . The 1.7-kb amino-terminal probe hybridized extensively to the six high molecular weight reverse transcriptase-related fragments described above as well as to the endogenous viral sequences; however, hybridization to the low molecular weight fragment was barely detectable. Conversely, the 1.0-kb carboxyl-terminal probe hybridized extensively to the low molecular weight reverse transcriptase-related fragment but failed to hybridize to any detectable level to the high molecular weight fragments. This probe also detected the endogenous virus reverse transcriptase fragments as expected. The same experiment was done with DNA from the evchick embryos, and an identical result was obtained with the exception that no endogenous viral sequences could be detected (Fig. 3) . These data suggest that the various reverse transcriptase-related fragments detected by low-stringency hybridization represent different regions of the reverse transcriptase gene spread over a large region of DNA.
Molecular Cloning and Mapping of the 1.3-kb pol-Related Fragment from ev-CEFs. Utilizing the X phage insertion vector X gtlO, we attempted to clone the low molecular weight (1.3 kb)pol-related fragment from the ev-CEFs. High molecular weight DNA was extracted from ev-chicken embryos and digested to completion with EcoRI; 50 ,ug of this DNA was then loaded onto a preparative agarose gel. A region of the gel encompassing those DNA fragments, rang- IGtGCMTtMAACCMGGCAACWMTCGATATCCTCCTGTGCATGVCtGGc6ccT1aGcTCccAGAGATCCTGtAGCCc 0000 0* 0000* 0* --*0*------0* 0 -* 0 *00 0000 000 * *0 000 00* 0*0 000*00000* 000-00 * 0* ing in size from 0.5 to 2 kb, was eluted from the gel and ligated with EcoRI-digested A gtlO. The recombinant molecules then were packaged in vitro. The resulting phage population was screened with the entire pol-specific probe under relaxed hybridization conditions. Positive plaques were subjected to several rounds of plaque purification before DNA was prepared from one ofthe clones. EcoRP digestion of the DNA from this clone, followed by Southern blot analysis, revealed the presence of the desired 1.3-kb pol-specific fragment. This fragment was subcloned into the bacterial vector pUC-9 for further characterization. The plasmid, denoted pUC-ev--RT, was mapped with a variety of restriction endonucleases, and a rough determination of the pol-related region was determined by Southern blot analysis (Fig. 4) with the pUC-RT plasmid as a probe. This data revealed that the pol-related portion of the clone, as determined by this analysis, was restricted to a 765-bp EcoRI/HindIII fragment. The remainHpN 0 240 ing portion of the clone revealed no detectable hybridization to the probe.
Nucleotide Sequence Analysis of the 1.3-kb ev-CEF polRelated Fragment. As a means of determining more precisely the pol-related portion of the cloned 1.3-kb fragment, we sequenced two different regions of the clone, utilizing the base-specific chemical cleavage method of Maxam and Gilbert (27) . The regions sequenced are shown in Fig. SA and span 335 bp and 408 bp in regions I and II, respectively. Region II (Fig. SB) shares 67% nucleic acid homology with the 3' end of the PrC ASV reverse transcriptase gene, spanning the junction between the purported polymeraseand endonuclease-encoding regions of the gene. When the predicted amino acid sequences are compared, the two sequences reveal 72% homology over the entire 138 amino acids (Fig. 6) . If conservative amino acid substitutions are allowed, the homology increases to 82% overall. However, Proc. Natl. Acad. Sci. USA 82 (1985) because of a 2-base-pair (bp) deletion at position 132 of the pUC-ev--RT nucleotide sequence, the predicted amino acid translation would fall out of frame at amino acid 44 and would soon terminate, generating a truncated protein, interestingly, the frame shift and termination would occur just after the polymerase-endonuclease junction, suggesting that only the endonuclease domain would be lost. Region I (Fig. 5B) 
